Abstract
In the Ziya River basin the water sources are surface water (sw), groundwater (gw) and 166 the water from the SNWTP middle route (sn), and the supply costs arise from pumping, 167 treatment and conveyance. Alternatively, the users can be curtailed, which leads to 168 curtailment costs (see the section "Curtailment costs and water demands"). While surface 169 water is often associated with the lowest direct cost to the users, the absence of surface water 170 will force the users to switch to alternative, more expensive sources or curtailment. With 171 scarce surface water resources and limited storage capacity combined with the large seasonal 172 and annual precipitation variations, present releases will therefore decrease future surfaceproblem). The one-step ahead allocation problem for a given stage can therefore not be 176 solved independently from the other stages. Incorporation of uncertain reservoir inflow adds 177 stochasticity to the system. 178
We used SDP to develop rational reservoir operation rules in the uncertain 179 environment, a method known as the water value method in the hydropower sector ( The ecosystem water demands could have been included as regular water users in the 260 optimization framework, but due to lack of ecosystem water values, ecosystem water 261 requirements were added as demand constraints, based on an estimate of the deficit in the 262 water balance of the Baiyangdian Lake as shown in Table 2 (The People's Government of 263
Hebei Province 2012). 264
The supply costs of surface water and SNWTP water were set to zero. Benefits from 265 hydropower production will favor surface water allocations over SNWTP allocations to the 266 downstream users. A constant groundwater pumping price of 0.4 CNY/m 3 based on field 267 interviews were used. This price represents only the electricity costs for pumping. Pumping 268 costs from irrigation canal to field were not included. 269 Table 2  270 The SNWTP water available for allocation to the Ziya River basin was estimated from 271 the data in Table 2 . Different expected water transfer rates for the middle route are reported 272 in the literature, including 5 km 3 /year (Jia et al. 2012 ), 9 to13 km 3 /year (Berkoff 2003) and 273 the 9.5 km 3 /year presented in Table 2 (water-technology.net 2013). As boundary condition 274 for the model, the fraction of water available to allocation has been defined as the 9. 
Results

289
Rainfall-runoff model 290
The rainfall-runoff model was auto-calibrated to measured runoff in the calibration 291 catchment shown in Figure 2 . Despite the absence of major reservoirs in the calibration 292 catchment, the measured runoff included delayed peaks occurring in the dry winter months as 293
shown for the early years in Figure 3 . We expect these peaks to be a result of reservoir 294 releases, as the timing fits the normal irrigation practices in the region. In some of the later 295 years, peak summer discharge is very low, despite the occurrence of precipitation events 296 similar to the early period. The highest achievable monthly NSE for all of the 7,700 297 overlapping days is 0.47 (calibration target), which increases to 0.64 if the winter months are 298 not used in the calculation of the NSE. The water balance error   / sim obs obs  is 10%. The 299 calibration catchment contains multiple smaller reservoirs to serve irrigation agriculture and 300 almost 2 million people. The observed discharge may therefore deviate significantly from 301 making, the modelling framework should be updated with more realistic estimates of the 303 natural water availability, preferably using observed river discharge time series. 304
Figure 3 305
The assumption of stable conditions in the basin is a prerequisite for reaching steady-306 state water value tables. However, the simulated runoff shows a decreasing tendency over the 307 51 years. Plotting the accumulated mean precipitation for the 3 weather stations used for the 308 Shanxi Province (Figure 4 ) reveals that the precipitation has been decreasing over the period. 
Stochastic dynamic programming 320
The backwards recursive SDP algorithm (eq. 2) was run with a looped 10-year 321 sequence of the annual input data to reach inter-annual equilibrium water value tables for 322 each climate period. The resulting water value tables for three scenario runs can be seen in 323 unlimited groundwater pumping are caused by the groundwater pumping price, which is 331 lower than any of the users' curtailment costs. In the scenario with the partly finished middle 332 route of the SNWTP, the Beijing user is constrained to surface-and SNWTP water alone, as 333 the groundwater in this area is already fully exploited. If no surface water is available, the 334 user can only be curtailed. This increases the water value whenever the reservoir is close to 335 empty, and the demand cannot be satisfied with the in-stage runoff alone. After the SNWTP 336 middle route has been completed, the water diverted from the Yangtze River can satisfy the 337
Beijing demand completely, and hence the water value at low states becomes lower. Based on 338 the SNWTP data in Table 2 , a 109 million m 3 /month limit was put on the SNWTP water from 339 Yangtze River. In the last scenario, an annual average sustainable groundwater pumping limit 340 for the NCP users is also introduced. A study has modelled the annual NCP groundwater 341 recharge rate to be 17.77 km 3 /year (Liu et al. 2011) , and this is scaled to the share of Ziya 342
River basin of the NCP (3.43 km 3 /year) and distributed evenly to obtain a monthly limit. This 343 groundwater pumping limit causes the users with the lowest curtailment costs (the farmers) to 344 be curtailed and increases the water value to 2-2.5 CNY/m 3 . 345 values cause more water to be stored for the highest value water uses. Also note the higher 360 storage of the SDP solution compared to the DP solution. In Figure 7 a) and c), the SDP 361 solution shows higher reservoir states relative to the DP solution. This is caused by non-zero 362 transition probabilities to a low inflow state and the SDP model therefore rather saves water 363 than curtail expensive users. 364
Figure 7 365
The constraints can be modified to enable evaluation of a variety of case setups and 366 policy scenarios. In Table 3 the total costs with SDP and DP can be seen for 12 different 367 scenarios. From the difference in total costs between the scenarios, it is possible to calculate 368 the average shadow price of water allocated to ecosystems (ecosystem flow constraint as 369 indicated in Table 2) allocated to Baiyangdian Lake will be substituted with groundwater pumping, which is 376 available at a fixed cost of 0.4 CNY/m 3 . If an average groundwater pumping limit is 377 introduced, the average shadow price of the ecosystem water will be 2.78 CNY/m 3 (s = 1.04 378 CNY/m 3 ) indicating that the diversion will cause curtailment of the farmers. The differences 379 between the objective values of SDP and perfect foresight DP are between 0.3 % and 4.7 % 380 (average 1.8 %) for scenarios without a groundwater limit and between 3.6 % and 5.7 % 381 (average 4.3 %) for scenarios with a groundwater limit. 382 Table 3  383 The impact of describing the runoff serial correlation can be found by comparing to a 384 model run based on average monthly runoff from the 51 years. For the 3 scenarios presented 385
in Figure 6 and Figure 7 , the total objective values with runoff serial correlation were 3.70 386 billion CNY/year (s = 0.6 billion CNY/year), 3.09 billion CNY/year (s = 0.5 billion 387 CNY/year), and 11.39 billion CNY/year (s = 3.7 billion CNY/year), as shown in Table 3 . water levels in the reservoir until a rapid release in a single month. With increased water 416 scarcity, the economic consequence of a wrong decisions increases, which is reflected in 417 larger differences between the SDP model and the DP model. 418
We found that SDP is a suitable and efficient method to determine optimal water 419 management. The total costs found with the SDP model lie within a few percentages of the 420 total costs of a situation with perfect foresight, and the SDP model can therefore be a 421 reservoirs force aggregation of the multiple reservoirs to avoid high dimensionality of the 423 optimization problem (see for example Pereira et al. 1998 ) and imply some highly 424 simplifying assumptions of the hydraulic infrastructure. Also, the simple Markov Chain 425 runoff serial correlation could be extended to capture the inter-annual wet-dry cycles, which 426 seems to be present in the runoff time series. An example could be the hidden-state Time linked constraints, such as fixing the long term groundwater table or allowing the 441 model to select the optimal timing of ecosystem water diversions, will introduce even more 442 dimensions to the optimization problem. An alternative method such as stochastic dual 443 dynamic programming, SDDP (Pereira and Pinto 1991) can be a better choice for this type of 444 complex problems. SDDP will, however, only give one solution (the optimal) with the givenwhich can be used for adaptive management. Moreover, the simulation could use a more 447 complex representation of the system such as multiple reservoirs and more users. The inter-448 temporal trade-offs are determined from water value tables found in the optimization phase, 449 using a simpler system representation. The computation time of the forward moving 450 simulation phase is currently less than one second, and higher complexity can therefore be 451 accommodated. The optimization phase is also relatively fast, and it would be 452 computationally feasible to add another reservoir. As we are mainly interested in the The results show the potential economic benefits if the system is managed according to 483 the optimal solution. The results based on the best available data suggest that it is not possible 484 to achieve sustainable use of the water resources without curtailing some users. The model 485 can be used to identify the trade-offs between the users and, ideally, which supplied users 486 should compensate the curtailed users. However, the actual implementation of these 487 compensation payments is an unresolved issue and outside the scope of this paper. 488
Conclusion
489
The water value method, a variant of SDP, was found to be a suitable approach for 490 solving complex single reservoir river basin management problems. The optimization 491 problem was defined as a minimization of water supply costs subject to a water demand 492 fulfillment constraint. The resulting water value tables are efficient and illustrative tools to 493 conflicts arising from water scarcity. Optimization runtimes are short and allow efficient 495 analysis of multiple scenarios. 496
The optimization model can explain the consistent groundwater table decline that has 497 been observed in the Ziya River basin. In the optimal solution, the water users of the basin 498 will keep pumping groundwater until their demands are fulfilled, unless groundwater access 499 is restricted. Without regulation, groundwater drawdown is expected to continue until the 500 pumping costs exceed the curtailment costs of the users. The scenario results show that the 501 middle route of the SNWTP will reduce water scarcity and impact optimal water resources 502 management in the basin. The best available data indicate that the SNWTP will be 503 insufficient to entirely avoid over-pumping the groundwater aquifer, as introduction of 
